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VAPOR-EXPLOSION EXPERIMENTS 
WITH SUBCOOLED FREON 

by 

Robert E. Henry and Louis M. McUmber 

ABSTRACT 

Vapor-explosion experiments were conducted in a well-
wetted Freon-22 and minera l -o i l sys tem in which the initial t em
pera tu re of both the Freon and the minera l oil were varied over a 
wide range. These experiments were specifically conducted to 
investigate the importance of interface t empera tu re in determining 
the explosive behavior of a given system. The resul ts c lear ly 
demons t ra te that the interface t empera tu re developed upon int i
mate liquid-liquid contact is a valid character iza t ion of the ex
plosive potential of a given sys tem. 

I. INTRODUCTION 

Explosive vapor formation, accompanied by destruct ive shock waves, 
can be produced when two liquids, at much different t empe ra tu r e s , a r e brought 
into int imate contact. A proposed analytical model^'^ s ta tes that, (1) upon contact 
between the two liquid sys tems , the interface t empera tu re must be g rea te r 
than or equal to the limiting spontaneous nucleation t empera tu re of that liquid-
liquid sys tem, and (2) the the rmal boundary layer must be sufficiently devel
oped to support a c r i t i ca l - s i ze cavity. Fo r t ime scales g rea te r than 10 ' ^ s, 
the interface t empera tu re upon contact of two semi-infinite m a s s e s , with 
constant t he rma l p roper t i e s , can be related to the initial liquid t empera tu re s 
by the equation 

T i = 
Th + Tc ykcPcCc/khPh^h 

1 +-s/kcPcCc/^hPhCh 

where 

c = specific heat, 

k = the rmal conductivity, 

T - t e m p e r a t u r e , 

p = density. 



and the subscripts 

c = cold liquid 

h = hot liquid 

and 

i = interface. 

The spontaneous nucleation behavior at the interface can ei ther be 
heterogeneous or homogeneous in nature.'* In ei ther case , the c r i t i ca l - s i ze 
cavit ies, which initiate the vaporization p rocess , a r e produced by local density 
fluctuations within the cold liquid. For homogeneous conditions, the two liquids 
present a well-wetted sys tem and the vapor embryos a r e produced entirely 
within the cold liquid. Fo r heterogeneous conditions, which resul t from poor 
or imperfect wetting at the liquid-liquid interface, the c r i t i ca l - s ized cavities 
are created at the interface at somewhat lower t e m p e r a t u r e s . The homoge
neous nucleation ra tes for Freon-22 at 0.1 MPa (1 atm) a r e l isted in Table I 
for various t empera ture levels . 

A sequence of exper iments , using Freon-22 and water , Freon-22 and 
minera l oil, and Freon-12 and minera l oil, have been performed to test this 
spontaneous nucleation p remise . For Freon-22 at its normal boiling point, 
the initial t empera tu re of the water must be at leas t 77°C before the interface 
t empera tu re equals or exceeds the minimum homogeneous nucleation value of 
54°C (see Table l), and 84°C before the interface t empera tu re equals 60°C, at 
which the homogeneous nucleation rate becomes truly explosive.^ As i l lus
t ra ted in Ref. 5, the F reon -wa te r tes t demonstra ted explosive interactions for 
water t empera tu re s considerably lower than this value, which was attributed 
to the heterogeneous nucleation cha rac te r i s t i c s of that par t icu la r sys tem 
result ing from the poor wetting between Freon and water . However, the ex
per imenta l data demons t ra te a definite threshold behavior at a water tempera
ture of about 45°C, and this value has been observed by other exper imenters 
with the same fluids. The F reon -mine ra l -o i l sys tems exhibited excellent 
agreement with the in te r face - tempera tu re model in which the spontaneous 
nucleation behavior is assumed to be homogeneous because of the affinity be
tween Freons and oi ls . 

TABLE I. Homogeneous Nucleat ion for F r e o n - 2 2 at 1 a tm (0.1 MPa) 

T e m p e r a t u r e , 
"C 

50 

52 

54 

56 

58 

60 

Vapor 
P r e s s u r e , 

m P a 

1.94 

2.03 

2.12 

2.23 

2.32 

2.43 

Surface 
Tens ion , 
10"' N / m 

4.71 

4.46 

4.22 

3.97 

3.73 

3.49 

Cri t ica l 
Cavity Radius, 

10-'° m 

49 

44 

40 

36 

32 

29 

Nucleat ion 
Rate, 

s i t e s / e m ' s 

3.9 X 1 0 - " 

2.0 X I 0 - ' 

2.4 X 10' 

7.2 X 10'" 

1.6 X 10'* 

3.7 X 1 0 " 

Waiting 
T i m e 

per c m ' 

8 X 1 0 ' y r 

5.8 days 

400 us 

1 0 - " s 

6 x 1 0 - " s 

3 X 1 0 - " s 



The a p p l i c a b i l i t y of the i n t e r f a c e t e m p e r a t u r e m o d e l w a s inves t iga ted^ 
by v a r y i n g t h e in i t i a l subcoo l ing of the F r e o n in a F r e o n - 2 2 - w a t e r s y s t e m . 
The in ten t of t h e s e e x p e r i m e n t s w a s to change the i n t e r f a c e t e m p e r a t u r e by 
subcoo l ing the F r e o n and o b s e r v e the r e s u l t i n g c h a n g e s in the e x p l o s i v e b e 
h a v i o r of the s y s t e m . The c o n c l u s i o n f r o m t h e s e e x p e r i m e n t s w a s tha t t he 
exp los ive b e h a v i o r did not change wi th i n c r e a s i n g F r e o n subcoo l ing and, 
h e n c e , wi th changing i n t e r f a c e t e m p e r a t u r e . Th i s s y s t e m h a s two i n h e r e n t 
d i s a d v a n t a g e s wh ich tend to cloud the e x p e r i m e n t a l r e s u l t s . The f i r s t is tha t 
the e x c e l l e n t t h e r m a l p r o p e r t i e s of the w a t e r , c o m p a r e d to t h o s e of the F r e o n , 
s ign i f ican t ly r e d u c e the s e n s i t i v i t y of the i n t e r f a c e t e m p e r a t u r e to F r e o n s u b 
cool ing. The second is tha t , s i n c e one is a l r e a d y dea l i ng wi th a p o o r l y we t t ed 
s y s t e m , the we t t ing c h a r a c t e r i s t i c s can be a l t e r e d by changing the i n t e r f a c e 
t e m p e r a t u r e , which , in t u r n , changes the h e t e r o g e n e o u s nuc l ea t i on t e m p e r a t u r e . 
To p r o v i d e a m o r e def in i t ive t e s t of the i n t e r f a c e - t e m p e r a t u r e r e p r e s e n t a t i o n 
by subcoo l ing t h e cold l iqu id , a s y s t e m of F r e o n - 2 2 and m i n e r a l o i l , wh ich 
p r e s e n t s a w e l l - w e t t e d s y s t e m , was used in th i s se t of e x p e r i m e n t s . In a d d i 
tion to the b e t t e r we t t i ng c h a r a c t e r i s t i c s , t he t h e r m a l conduc t iv i ty , d e n s i t y , 
and spec i f i c hea t of the m i n e r a l oil a r e l e s s than t h o s e of the w a t e r . Th i s 
r e s u l t s in a g r e a t e r s e n s i t i v i t y of t h i s s y s t e m to c h a n g e s in the i n i t i a l s u b 
cooling of the F r e o n . 

II. E X P E R I M E N T A L A P P A R A T U S 

To i n v e s t i g a t e the r e l a t i v e i m p o r t a n c e of the i n t e r f a c e t e m p e r a t u r e , 
e x p e r i m e n t s w e r e conduc ted in two d i f fe ren t m a n n e r s . The f i r s t w a s p e r 
fo rmed wi th the F r e o n in i t i a l ly at i t s n o r m a l boi l ing point and m i n e r a l - o i l 
t e m p e r a t u r e s r ang ing f r o m 110 to 190°C in 10° i n c r e m e n t s . T h e s e c o n d was 
c a r r i e d out wi th the m i n e r a l - o i l t e m p e r a t u r e he ld c o n s t a n t at 190°C and d e c r e a s 
ing F r e o n t e m p e r a t u r e s f r o m -41 to -140°C in 20° i n c r e m e n t s . The t e s t s 
w e r e c a r r i e d out in the A - f r a m e a p p a r a t u s i l l u s t r a t e d in F i g . 1, wh ich is a 
faci l i ty s i m i l a r to t ha t d i s c u s s e d in Ref. 5. The p r i n c i p a l excep t ion be tween 
the f ac i l i t i e s is tha t , in t h i s c a s e , t he i n t e r a c t i o n v e s s e l a lways con ta ined the 
F r e o n and the hot oil w a s p o u r e d into the v e s s e l . T h i s change in con tac t con
f igura t ion h a s l i t t l e s i gn i f i c ance when the F r e o n - 2 2 is s a t u r a t e d , but for s u b 
cooled F r e o n it p r o v i d e s a b e t t e r e x p e r i m e n t a l r e s o l u t i o n for the in i t i a l F r e o n 
t e m p e r a t u r e s . The oil e n t e r e d the i n t e r a c t i o n v e s s e l t h r o u g h a r u b b e r funnel, 
and h i g h - s p e e d m o t i o n p i c t u r e s , at 1000 f r a m e s / s , w e r e t aken of the r e s u l t i n g 
i n t e r a c t i o n s , a long wi th ana log r e c o r d i n g s of the h i g h - r e s p o n s e p i e z o e l e c t r i c 
t r a n s d u c e r s m o u n t e d in the v e s s e l wa l l and of the p i e z o e l e c t r i c fo r ce t r a n s 
d u c e r t ha t s u p p o r t e d the v e s s e l . 

III. E X P E R I M E N T A L RESULTS 

F o r in i t i a l m i n e r a l - o i l t e n n p e r a t u r e s l e s s t han 130°C and in i t i a l ly 
s a t u r a t e d F r e o n , no e x p l o s i v e i n t e r a c t i o n s w e r e o b s e r v e d on the h i g h - s p e e d 
m o v i e s o r t h e p r e s s u r e - t r a n s d u c e r r e c o r d i n g s . 



Fig. 1. (:xpcrimcnt,il App.-ir;itus. All Dimensions in Inches. Conversion Factor: 1 in. = •.:.ri4 em. ANL Nog. No. ;>00-;HX^7. 
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When the in i t i a l m i n e r a l - o i l t e m p e r a t u r e w a s i n c r e a s e d to 131°C, a 
v i g o r o u s exp lus ion of l iquid w a s o b s e r v e d and the p r e s s u r e t r a n s d u c e r s i n d i 
ca ted a m a x i m u m p r e s s u r e of 0.4 M P a (4 a t m ) , but the r i s e t i m e ( see F i g . 2) 
w a s about 4 m s . H o w e v e r , a m i n e r a l - o i l t e m p e r a t u r e of 140°C def in i te ly p r o 
vided an e x p l o s i v e i n t e r a c t i o n wi th a r i s e t i m e l e s s than 1 m s and a m a x i m u m 
i n t e r a c t i o n p r e s s u r e of 0.6 M P a (6 a t m ) , as shown in F i g . 3. I n c r e a s i n g 
i n t e r a c t i o n p r e s s u r e s w e r e o b s e r v e d wi th i n c r e a s e s in the m i n e r a l - o i l t e m 
p e r a t u r e . F o r t e s t cond i t ions of s a t u r a t e d F r e o n and oil at 180°C, a s m a l l 
i n t e r a c t i o n w a s in i t i a l ly o b s e r v e d , and then a de lay of 580 m s o c c u r r e d be fo re 
the l a r g e e x p l o s i v e even t . The p r e s s u r e t r a c e for th i s run is shown in F i g . 4. 
The l a r g e s t e x p l o s i v e i n t e r a c t i o n of the e n t i r e e x p e r i m e n t a l s e q u e n c e was 
o b s e r v e d wi th an in i t i a l oil t e m p e r a t u r e of 190°C and in i t i a l ly s a t u r a t e d F r e o n ; 
as i l l u s t r a t e d in F i g . 5, th i s event deve loped a m a x i m u m i n t e r a c t i o n p r e s s u r e 
of 2 M P a (20 a tm) wi th an ex tended decay c h a r a c t e r i s t i c . 
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Fig. 2. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with TQ^J^ = 131°C 
and Tp = -41°C. ANL Neg. 
No. 900-77-89 Rev. 1. 

Fig. 3. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with T Q ^ = 140°C 
and Tf = -41 °C. ANL Neg. 
No. 900-77-90 Rev. 1. 

• ^«»',v*^>*1A'^'^*w**ywn># 

TIME, ms 

20 30 

TIME, ms 

50 

Fig. 4. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with Toil = 180°C 
and Tp = -41 °C. ANL Neg. 
No. 900-77-95 Rev. 1. 

Fig. 5. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with T Q Q = 190°C 

and 
No. 

-41 °C. ANL Neg. 
900-77-97 Rev. 1. 

^ 
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The second half of the t e s t s e r i e s was conduc ted with a c o n s t a n t 
in i t ia l oil t e m p e r a t u r e of 190°C and d e c r e a s i n g F r e o n t e m p e r a t u r e s . When 
the F r e o n was in i t ia l ly at -60°C, a v igo rous exp los ion w a s o b s e r v e d on the 
h i g h - s p e e d m o v i e s ; the s y s t e m p r e s s u r e m e a s u r e m e n t s a r e shown m F i g . 6. 
Two r e l a t i v e l y s m a l l i n t e r a c t i o n s w e r e o b s e r v e d for an m i t i a l F r e o n t e m -
p e r a t u r e of -80°C, and the even ts w e r e s e p a r a t e d by 370 m s . F o r an m i t i a l 
F r e o n t e m p e r a t u r e of -100°C the i n t e r a c t i o n p r e s s u r e was 0.3 M P a (3 a tm) , 
as shown in F ig . 7. F o r in i t i a l F r e o n t e m p e r a t u r e s of -120 and -140 C and 
an in i t i a l m i n e r a l - o i l t e m p e r a t u r e of 190°C. no exp los ive i n t e r a c t i o n s w e r e 
o b s e r v e d by any of the s y s t e m i n s t r u m e n t a t i o n . 

20 " 290 300 

TIME, ms 

Fig. 6. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with T^n = 190°C 
and Tp = -60°C. ANL Neg. 
No. 900-77-98 Rev. 1. 

J 0.5 

_Av_ 
10 20 

TIME. 
30 40 50 

Fig. 7. Pressure-Time History for Freon-22 
and Mineral-oil Undergoing Large-
scale Interactions with TQJJ = 190°C 
and Tp = -100°C. ANL Neg. 
No. 900-77-87 Rev. 1. 

IV. DISCUSSION O F RESULTS 

The in i t i a l conc lu s ion tha t can be d r a w n f r o m th i s se t of e x p e r i m e n t s 
i s tha t the exp los ive c h a r a c t e r of a given s y s t e m can be s u p p r e s s e d by e i the r 
cool ing the ho t l iquid below a c e r t a i n va lue or the cold l iquid below a given 
l eve l . 

The o r i g i n a l q u e s t i o n of i n t e r e s t was w h e t h e r the i n t e r f a c e t e m p e r a t u r e 
p r o v i d e d an a c c u r a t e m e t h o d for eva lua t ing the e x p l o s i v e po t en t i a l of a given 
s y s t e m . If a g iven i n t e r a c t i o n i s s i m p l y c o n s i d e r e d as exp los ive or nonexplo-
s i v e , r e g a r d l e s s of i t s i n t e r a c t i o n p r e s s u r e , the r e s u l t s can be p lo t t ed and 
connpa red to the i d e a l i z e d i n t e r f a c e - t e m p e r a t u r e m o d e l in which the t e m p e r a 
t u r e for s u s t a i n e d e x p l o s i v e honnogeneous nuc l ea t i on is c o n s i d e r e d to be 60°C. 
Such a r e p r e s e n t a t i o n i s shown in F ig . 8 which d e m o n s t r a t e s good a g r e e m e n t 
b e t w e e n the r e g i o n s d e l i n e a t e d as exp los ive and nonexp los ive by the p r o p o s e d 
m o d e l . 
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Fig. 8. Comparison between Interface-temperature 
Model and Experimental Results. ANL Neg. 
No. 900-75-289. 

A d d i t i o n a l e x p e r i m e n t a l r e 
s u l t s w e r e t a k e n f o r v a r i o u s i n i t i a l 
m i n e r a l - o i l a n d F r e o n t e m p e r a t u r e s , 
a n d a g r e e m e n t w a s a g a i n o b t a i n e d w i t h 
t h e i n t e r f a c e - t e m p e r a t u r e s p o n t a n e o u s -
n u c l e a t i o n m o d e l . S o m e s c a t t e r i s e x 
p e c t e d i n t h e i m m e d i a t e r e g i o n of t h e 
p r e d i c t i o n a s a r e s u l t of c h a n g e s i n 
t h e s u b c o o l e d F r e o n t e m p e r a t u r e 
w h e n d e l a y s of s e v e r a l h u n d r e d m i l l i 
s e c o n d s o c c u r b e f o r e t h e o n s e t of e x 
p l o s i v e e v e n t s . A 40°C c h a n g e c a n b e 
e x p e c t e d i n t h e b u l k t e m p e r a t u r e of 
a 1 - m m - d i a d r o p a s a r e s u l t of f i l m -
b o i l i n g h e a t t r a n s f e r f o r 500 m s . 

A n o t h e r t e s t of t h e i n t e r f a c e -
t e m p e r a t u r e m o d e l i s t o c o m p a r e t h e 

e x p l o s i v e i n t e r a c t i o n p r e s s u r e s a s a f u n c t i o n of t h e s y s t e m i n t e r f a c e t e m p e r a 
t u r e , w h i c h i s s h o w n i n F i g . 9 f o r t h e t w o p a r a m e t r i c v a r i a t i o n s p e r f o r m e d . 
W h e n t h e b r o a d r a n g e of t h e r m a l c o n d i t i o n s t r e a t e d i s c o n s i d e r e d , t h e 
i n t e r f a c e - t e m p e r a t u r e m o d e l p r o v i d e s a n e x c e l l e n t m e a n s of d e s c r i b i n g t h e 
e x p l o s i v e c h a r a c t e r i s t i c s of t h e s y s t e m . F i g u r e 10 d i s p l a y s t h e m a x i m u m 
i n t e r a c t i o n p r e s s u r e s f o r a l l t h e e x p e r i m e n t s a s a f u n c t i o n of t h e i n t e r f a c e 
t e m p e r a t u r e . 

T h e p r e s s u r e a n d f o r c e m e a s u r e m e n t s f o r t h e e x p l o s i v e t e s t s a r e 
g i v e n in A p p e n d i x A. In s o m e e x p e r i m e n t s , s u c h a s R u n 6 - 1 1 - 7 5 : 6 4-145 - 9 2 , 
v e r y s h a r p p r e s s u r e s p i k e s w e r e m e a s u r e d a t t h e i n i t i a t i o n of t h e e x p l o s i o n . 
T h e s e s p i k e s a p p e a r e d t o m a k e l i t t l e c o n t r i b u t i o n t o t h e w o r k d o n e by t h e 
e x p l o s i o n a n d c o u l d p e r h a p s r e s u l t f r o m t h e i m p a c t of a l i q u i d m a s s o n a 
t r a n s d u c e r f a c e . T h i s w o u l d b e a d e f i n i t e c o n s i d e r a t i o n if t h e l i q u i d s a r e 
i n t i m a t e l y d i s p e r s e d p r i o r t o t h e e v e n t t h a t b o t h t h e h i g h - s p e e d m o v i e s a n d 

Fig. 9 
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Fig. 10. Maximum Interaction Pressures vs Interface 
Temperature. ANL Neg. No. 900-77-76. 

l ong d e l a y t i m e s i n d i c a t e i s t h e c a s e i n t h e s e t e s t s . F i g u r e 10 s h o w s t h e 
p r e s s u r e s p i k e a n d t h e s u s t a i n e d p r e s s u r e s (on a t i m e s c a l e of m i l l i s e c o n d s ) , 
w h i c h a r e d e f i n i t e l y d o i n g w o r k on t h e s y s t e m . A l t h o u g h t h i s i l l u s t r a t i o n 
s h o w s t h e s a m e s c a t t e r in t h e v i c i n i t y of t h e t h r e s h o l d t e m p e r a t u r e a s i s 
s h o w n in F i g . 8, i t c l e a r l y s h o w s t h e d r a m a t i c c h a n g e i n s y s t e m b e h a v i o r a s 
t h e i n t e r f a c e t e m p e r a t u r e c h a n g e s by a few d e g r e e s . 

V. C O N C L U S I O N S 

T h e s e e x p e r i m e n t s in t h i s w e l l - w e t t e d s y s t e m d e m o n s t r a t e t h a t t h e 
i n t e r f a c e t e m p e r a t u r e i s a v a l i d t e c h n i q u e f o r c h a r a c t e r i z i n g t h e e x p l o s i v e 
p o t e n t i a l of a g i v e n l i q u i d p a i r . 
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APPENDIX A 

Exper imenta l Data 

The exper imenta l p a r a m e t e r s and resu l t s a re l is ted chronologically 
in Table II and the m e a s u r e m e n t s for explosive events a r e given in F igs . A. l -
A.47. The run numbers a r e s t ruc tured to include the date, the tes t number 
on that date, the initial oil t empera tu re , and the initial F reon t empera tu re as 
shown below: 

tes t number initial F reon t empera tu re (in °C) 
I t 

8 - 1 - 7 5 : 6 +1JP -120 
t date initial oil t empera tu re 

TABLE II. Chronologica l L is t o£ E x p e r i m e n t s 

Run Number 
Maximum In t e r ac t ions 

P r e s s u r e , MPa Note 

6-11-75: 
6-11-75: 
6-11-75: 
6-11-75: 
6-11-75: 
6-11-75: 
6-16-75: 
6-16-75: 
6-16-75: 
6-16-75: 
6-16-75: 
6-17-75: 
6-17-75: 
6-18-75: 
6-18-75: 
6-19-75: 
6-19-75: 
6-19-75: 
6-19-75: 
6-19-75: 
7-10-75: 
7-10-75: 
7-10-75: 
7-10-75: 
7-10-75: 
7-14-75: 
7-14-75: 
7-15-75: 
7-15-75: 
7-15-75: 
7-15-75: 
7-15-75: 
7-15-75: 
7-16-75: 
7-16-75: 
7-16-75: 
7-17-75: 

1 +145 
2 +145 
3 +145 
4 +145 
5 +148 
6 +145 
1 +169 
2 +188 
3+174 
4 +190 
5 +146 
1 +133 
2 +140 
1+132 
2 +129 
1 +198 
2 +184 
3 +174 
4 +168 
5 +156 
1 +160 
2+160 
3+138 
4 +163 
5 +160 
1 +181 
2 +178 
1 +181 
2 +180 
3+178 
4+178 
5 +180 
6 +161 
1 +190 
2 +190 
3 +192 
1 +190 

-72 
-124 
-115 
-101 
-68 
-92 
-110 
-132 
-118 
-111 
-77 
-87 
-61 
-58 
-67 
-128 
-74 
-120 
-95 
-94 
-99 
-140 
-122 
-122 
-130 
-140 
-128 
-120 
-110 
-100 
-80 
-60 
-60 
-41 
-60 
-80 
-101 

1. 
0 
0 
0 
1. 
1. 
0. 
0 
0 
1. 
0. 
0 

0. 
0 
0 

0 
1 

50 

01 
22 
61 

69 
50 

19 

48 

23 
05 

0.44 
1 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
1 
1 
1 
0 
1 

89 

50 

26 
72 
78 
31 
63 
.97 
.63 
.41 
.84 

^No explos ive event. 
b P o r c e - t r a n s d u c e r data. 
^Explos ive event; no r e c o r d . 
dTop p r e s s u r e - t r a n s d u c e r data. 

Run Number 
Maximum In te rac t ions 

P r e s s u r e , MPa Note 

7-17-75: 

7-17-75: 

7-18-75: 

7-18-75: 

7-23-75: 

7-23-75: 

7-23-75: 

7-23-75: 

7-23-75: 

7-24-75: 

7-24-75: 

7-24-75: 

7-24-75: 

7-24-75: 

7-24-75: 

7-25-75: 

7-25-75: 

7-25-75: 

7-25-75: 

7-25-75: 

7-25-75: 

7-25-75: 

7-28-75: 

7-28-75: 

7-28-75: 

7-28-75: 

7-28-75: 

7-28-75: 

8-1-75: 

8-1-75: 

8- 1-75: 

8-1-75: 

8-1-75: 

8-1-75: 

8-4-75: 

8-4-75: 

2 + 190 
3 +190 

1 
2 
1 
2 
3 
4 

+ 190 

+ 190 

+ 150 

+ 170 
+ 182 

+ 190 

5 +190 

1 
2 
3 
4 
5 

+ 190 

+ 190 

+ 190 

+ 131 

+ 120 

6 +110 

1 
2 
3 
4 

+ 180 

+ 160 

+ 180 

+ 140 

5 +195 

6 
7 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
3 
4 

+ 185 

+ 175 

+ 183 

+ 176 

+ 180 

+ 173 

+ 169 
+ 166 

+ 120 

+ 120 

+ 120 

+ 110 

+ 110 

+ 110 

+ 190 

+ 190 

120 
-140 

-130 

-90 
-41 
-41 
-99 
-100 

-80 
-100 

-80 
-90 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-41 
-60 
-90 
-120 

-60 
-90 
-120 

-100 

-90 

0 
0 
0 
1. 44 
0.68 

0. 
1. 
1. 
1. 

61 
55 
19 
01 

0.94 

0. 
0. 
0 
0 
0 
0 

27 
67 
34 

59 
2.41 

1 
0 
1 
2 
2 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
1 

69 
59 
68 
04 
18 
69 
50 
24 
08 
78 
89 

.25 

.70 
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Fig. A.l . Experimental Data Records for 
Run 6-11-75: 1+145-72 . ANL 
Neg. No. 900-76-371 Rev. 1. 

Fig. A.2. Experimental Data Records for 
Run 6-11-75: 5 + 1 4 8 - 6 8 . ANL 
Neg. No. 900-76-384 Rev. 1. 
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Neg. No. 900-76-358 Rev. 1. 
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Fig. A .6. Experimental Data Records for 
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Fig. A.9. Experimental Data Records for 
Run 6-19-75: 3+174-120. ANL 
Neg. No. 900-76-388 Rev. 1. 

Fig. A.IO. Experimental Data Records for 
Run 6-19-75: 4 + 1 6 8 - 9 5 . ANL 
Neg. No. 900-76-364 Rev. 1. 
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Fig. A.11. Experimental Data Records for 
Run 6-19-75: 5 +156 -94. ANL 
Neg. No. 900-76-368 Rev. 1. 
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Fig. A.12. Experimental Data Records for 
Run 7-10-75: 1 + 1 6 0 - 9 9 . ANL 
Neg. No. 900-76-366 Rev. 1. 
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Fig. A.13. Experimental Data Records for 
Run 7-10-75: 4 + 1 6 3 - 1 2 2 . ANL 
Neg. No. 900-76-389 Rev. 1. 
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Fig. A.14. Experimental Data Records for 
Run 7-15-75: 2 +180 -110 
(Ptop not recorded). ANL Neg. 
No. 900-76-399 Rev. 1. 
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Fig. A.15. Experimental Data Records for 
Run 7-15-75: 3+178-100 . ANL 
Neg. No. 900-76-357 Rev. 1. 
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Fig. A.16. Experimental Data Records for 
Run 7-15-75: 4 + 1 7 8 - 8 0 . ANL 
Neg. No. 900-76-363 Rev. 1. 
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60 80 
TIME, ms 

100 120 

Fig. A.17. Experimental Data Records for 
Run 7-15-75: 5 +180-60 
(Pbottom not recorded). ANL 
Neg. No. 900-76-395 Rev. 1. 
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Fig. A. 18. Experimental Data Records for 
Run 7-15-75: 6 +161 -60. ANL 
Neg. No. 900-76-383 Rev. 1. 
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Fig. A.19. Experimental Data Records for 
Run 7-16-75: 1 + 1 9 0 - 4 1 . ANL 
Neg. No. 900-76-356 Rev. 1, 
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Fig. A.20. Experimental Data Records for 
Run 7-16-75: 2 +190 -60. ANL 
Neg. No. 900-76-380 Rev. 1. 
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Fig. A.21. Experimental Data Records for 
Run 7-16-75: 3 + 1 9 2 - 8 0 . ANL 
Neg. No. 900-76-394 Rev. 1. 

Fig. A.22. Experimental Data Records for 
Run 7-17-75: 1 +190-101 
(Ptop not recorded). ANL Neg. 
No. 900-76-397 Rev. 1. 
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Fig. A.23. Experimental Data Records for 
Run 7-18-75: 2 + 1 9 0 - 9 0 . ANL 
Neg. No. 900-76-354 Rev. 1. 

100 120 140 

Fig. A.24. Experimental Data Records for 
Run 7-23-75: 1 +150 - 4 1 . ANL 
Neg. No. 900-76-387 Rev. 1. 
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Fig. A.25. Experimental Data Records for 
Run 7-23-75: 2 + 1 7 0 - 4 1 . ANL 
Neg. No. 900-76-381 Rev. 1. 
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Fig. A.26. Experimental Data Records for 
Run 7-23-75: 3 + 1 8 2 - 9 9 . ANL 
Neg. No. 900-76-359 Rev. 1. 

1.0 

0.5 

0 

1.5 

1,0 

0,5 

0 

1,5 

1.0 

0.5 

U 

~ 

-

• — 

~ | 
0 

1 

1 

1 
k. 

^ 

1 
20 

1 

1 

1 
40 

1 1 
' ' T O P 

1 1 

F O R C E / A R E A 

1 1 

^BOTTOM 

1 1 
60 80 

TIME, ms 

1 

1 

1 

1 
100 

1 

1 

1 

1 
120 

1 
— 

1 

— 

— 

1 

— 

— 

1 
140 

LO 

0.5 

0 

1.5 

LO 

0,5 

0 

1.5 

1,0 

0.5 

0 

ZL 

ZL 

'^lOf 
- A s -

-y-

FORCE/AREA 

_Aw> 
-y-

•^BOTTOM 

1 
- lA-

0 20 40 60 600 620 e40 660 
T I M E , m s 

Fig. A.27.. Experimental Data Records for 
Run 7-23-75: 4 +190 -100. ANL 
Neg. No. 900-76-375 Rev. 1. 

Fig. A,28. Experimental Data Records for 
Run 7-23-75: 5 +190 -80. ANL 
Neg. No. 900-76-382 Rev. 1. 
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Fig. A.29. Experimental Data Records for 
Run 7-24-75: 1 +190 -100. ANL 
Neg. No. 900-76-369 Rev. 1. 

LO 

0.5 

0 

LO 

0.5 

0 

1.0 

0.5 

0 

1 1 

1 1 

~JL 
1 1 

~l 1 

' 

1 

1 

1 

I I I ! 
''TOP 

I I I ! 

FORCE/AREA 

1 1 1 1 

''BOTTOM 

i l l ! 

— 

f 
— 

1 

— 

1 
0 20 40 60 80 100 120 140 

TIME, ms 

Fig. A.30. Experimental Data Records for 
Run 7-24-75: 2+190-80 . ANL 
Neg. No. 900-76-362 Rev. 1. 
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Fig. A.31. Experimental Data Records for 
Run 7-24-75: 3 + 1 9 0 - 9 0 . ANL 
Neg. No. 900-76-377 Rev. 1. 
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Fig. A.32. Experimental Data Records for 
Run 7-24-75: 4 + 1 3 1 - 4 1 . ANL 
Neg. No. 900-76-385 Rev. 1. 
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Fig. A.33. Experimental Data Records for 
Run 7-25-75: 1+180-41 . ANL 
Neg. No. 900-76-378 Rev. 1. 
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Fig. A.34. Experimental Data Records for 
Run 7-25-75: 2 + 1 6 0 - 4 1 . ANL 
Neg. No. 900-76-392 Rev. 1. 
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Fig. A.35. Experimental Data Records for 
Run 7-25-75: 3 + 1 8 0 - 4 1 . ANL 
Neg. No. 900-76-365 Rev. 1. 
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Fig. A.36. Experimental Data Records for 
Run 7-25-75: 4 +140 - 4 1 . ANL 
Neg. No. 900-76-376 Rev. 1. 
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Fig. A.37. Experimental Data Records for 
Run 7-25-75: 5 + 1 9 5 - 4 1 . ANL 
Neg. No. 900-76-391 Rev. 1. 

Fig. A.38. Experimental Data Records for 
Run 7-25-75: 6 +185 - 4 1 . ANL 
Neg. No. 900-76-360 Rev. 1. 
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Fig. A.39. Experimental Data Records for 
Run 7-25-75: 7 + 1 7 5 - 4 1 . ANL 
Neg. No. 900-76-393 Rev. 1. 

Fig. A.40. Experimental Data Records for 
Run 7-28-75: 1 +183-41 
(Force/Area not recorded). ANL 
Neg. No. 900-76-396 Rev. 1. 
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Fig. A.41. Experimental Data Records for 
Run 7-28-75: 2 +176 -41 
(Force/Area not recorded). ANL 
Neg. No. 900-76-400 Rev. 1. 

Fig. A.42. Experimental Data Records for 
Run 7-28-75: 3 +180 - 4 1 . ANL 
Neg. No. 900-76-372 Rev. 1. 
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Fig. A.43. Experimental Data Records for 
Run 7-28-75: 4 + 1 7 3 - 4 1 . ANL 
Neg. No. 900-76-370 Rev. 1. 

LO 

0.5 

0 

LO 

S. 0.5 
s 
UJ- 0 
cc 
Z3 
CO 
to 
^ 2,0 
a. 

L5 

1.0 

0.5 

0 

•^TOP 

LL. 
FORCE/AREA 

BOTTOM 

0 20 40 60 80 100 120 140 
TIME, ms 

Fig. A.44. Experimental Data Records for 
Run 7-28-75: 5 + 1 6 9 - 4 1 . ANL 
Neg. No. 900-76-367 Rev. 1. 
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Fig. A.45. Experimental Data Records for 
Run 7-28-75: 6 +166 - 4 1 . ANL 
Neg. No. 900-76-373 Rev. 1. 

LO 

0.5 

0 

LO 

0.5 

0 

L O r — 

0.5 

0 

"^TOP 

FORCE/AREA 

•̂ BOTTOM 

-_K-
J \ L 

0 20 40 60 80 100 120 140 

TIME, ms 

Fig. A.46. Experimental Data Records for 
Run 8-4-75: 3 +190 -100. ANL 
Neg. No. 900-76-374 Rev. 1. 
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Experimental Data Records for 
Run 8-4-75: 4+190 -90 . ANL 
Neg. No. 900-76-390 Rev. 1. 
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APPENDIX B 

Results , Grouped by 10°C Increments of Oil Tempera tu re 

This appendix is a grouping of the experimental conditions by 10°C 
oil increments and includes contact interface t empera tu res for each test . 

Run Number 

110-IWC 

8-1-75: 6 +110 -120 
8-1-75: 5 +110 -90 
8-1-75: 4 +110 -60 
7-24-75: 6 +110 -41 

120-129''C 

8-1-75: 3 +120 -120 
8-1-75: 2+120 -90 
8-1-75: 1 +120 -60 
6-18-75: 2 +129 -67 
7-24-75: 5+120 -41 

130-139°C 

7-10-75; 3 +138 -122 
6-17-75: 1 +133 -87 
6-18-75: 1 +132 -58 
7-24-75: 4 +131 -41 

140-149'>C 

6-11-75: 2 +145 -124 
6-11-75: 3 +145 -115 
6-11-75: 4 +145 -101 
6-11-75: 6 +145 -92 
6-16-75: 5 +146 -77 
6-11-75: 1 +145 -72 
6-11-75: 5 +148 -68 
6-17-75: 2 +140 -61 
7-25-75: 4+140 -41 

150-159°C 

6-19-75: 5 +156 -94 
7-23-75: 1 +150 -41 

160-169°C 

7-10-75: 2 +160 -140 
7-10-75: 5 +160 -130 
7-10-75: 4 +163 -122 
7-10-75: 1 +160 -99 
6-16-75: 1 +169 -110 
6-19-75: 4 +168 -95 
7-15-75: 6 +161 -60 
7-25-75: 2 +160 -41 
7-28-75: 6 +166 -41 
7-28-75: 5 +169 -41 

TL 
"C 

12 
21 
34 
43 

13 
27 
40 
42 
48 

22 
35 
48 
55 

25 
29 
36 
40 
47 
49 
50 
51 
60 

45 
65 

27 
31 
36 
45 
45 
51 
63 
71 
74 
76 

Oi 

Oi 

Oil 

Oil 

Oil 

Oil 

PB, 
atm MPa 

Temperature 

0 
0 
0 
0 

Temperature 

0 
0 
0 
0 
0 

Temperature 

0 
0 
0.19 
0.34 

Temperature 

0 
0 
0 
1.22 
0.50 
1.50 
1.01 

-
0.59 

Temperature 

0.44 
0.68 

Temperature 

0 
0 
0.50 
1.89 
0.61 
1.05 
1.63 
2.41 
1.89 
1.78 

Note 

a 
a 
a 
a 

a 
a 
a 
a 
a 

a 
a 

a 
a 
a 

b 

a 
a 

c 

d 

Run Number 

170-179°C 

7-14-75: 
6-19-75: 
6-16-75: 
7-15-75: 
7-15-75: 
7-23-75: 
7-28-75: 
7-25-75: 
7-28-75: 

2 
3 
3 
3 
4 
2 
4 
7 
2 

+ 178 -118 
+ 174 -120 
+ 174 -118 
+ 178 -100 
+ 178 -80 
+ 170 -41 
+ 173 -41 
+ 175 -41 
+ 176 -41 

180-18900 

7-14-75: 
6-16-75: 
7-15-75: 
7-15-75: 
7-23-75: 
6-19-75: 
7-15-75: 
7-25-75: 
7-25-75: 
7-28-75: 
7-28-75 
7-25-75: 

1 
2 
1 
2 
3 
2 
5 
1 
3 
3 
1 
6 

+ 181 -140 
+ 188 -132 
+ 181 -120 
+ 180 -110 
+182 -99 
+184 -74 
+180 -60 
+ 180 -41 
+ 180 -41 
+180 -41 
+183 -41 
+ 185 -41 

190-199°C 

7-17-75: 
7-18-75: 
7-17-75: 
6-19-75: 
6-16-75: 
7-17-75: 
7-23-75: 
7-24-75: 
8-4-75: 
7-18-75: 
7-24-75: 
8-4-75: 
7-16-75: 
7-23-75: 
7-24-75: 
7-16-75: 
7-16-75: 
7-25-75: 

3 
1 
2 
1 
4 
1 
4 
1 
3 
2 
3 
4 
4 
5 
2 
2 
1 
5 

+190 -140 
+ 190 -130 
+ 190 -120 
+198 -128 
+ 190 -111 
+ 190 -101 
+ 190 -100 
+ 190 -100 
+ 190 -100 
+190 -90 
+ 190 -90 
+190 -90 
+ 192 -80 
+190 -80 
+ 190 -80 
+ 190 -60 
+ 190 -41 
+ 195 -41 

Ti, 
°C 

42 
43 
44 
54 
63 
72 
78 
79 
80 

38 
46 
47 
51 
57 
69 
73 
82 
82 
82 
83 
85 

43 
48 
52 
53 

56 
61 
61 
61 
61 
66 
66 
66 
70 
70 
70 
79 
87 
90 

PB. 
atm MPa Note 

Oil Temperature 

0 a 
0.23 
0 a 
2.22 
0.78 
0.61 
1.01 
2.18 
L50 

Oil Temperature 

0 a 
0 a 
0 a 
1.26 
1.55 

b 
OJl e 
0.59 
1.69 
1.29 
1.69 
2.04 

Oil Temperature 

0 a 
0 a 
0 a 
0.48 

l.W 
1.84 
1.19 
0.94 
0.25 
1.44 
0.67 
1.70 
0.41 
1.01 
0.27 
1.63 
1.97 
1.68 

^No explosive event. 
''Explosive event; no record. 
'•Force-transducer data. 
''Actual peak pressure, 1.63 MPa 
^Top pressure-transducer data. 

not 1.37 MPa as shown. 
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